We use a multifluid hydrodynamical-chemical model of cometary comae to predict the HNC and HCN abundances in comets Hyakutake and Hale-Bopp for a variety of initial parameters. We find, in general, that the presence of methanol in the nuclear ices inhibits the synthesis of HNC from HCN through proton transfer reactions in the coma. For Hale-Bopp, we find that because of the large gas production rates, isomerization of HCN to HNC driven by the impact of fast hydrogen atoms can explain the HNC abundances, and we predict that the HNC/HCN ratio should increase to ∼18% as the comet approaches perihelion, as observed. For Hyakutake, we find that gas-phase reactions in the coma cannot produce the observed HNC/HCN ratio and so conclude that the observed HNC is either nuclear or is the decay product of an unknown parent.
INTRODUCTION
Cometary hydrogen cyanide was first observed by Huebner, Snyder, & Buhl (1974) in comet Kohoutek. It has since been seen in a number of comets, including P/Halley (Schloerb et al. 1987) , P/Brorsen-Metcalf, Austin, and Levy (Colom et al. 1991) , P/Swift-Tuttle (Wootten, Latter, & Despois 1994) , Hyakutake (Irvine et al. 1996) , and, most recently, Hale-Bopp (Rauer et al. 1996; Biver et al. 1997) . HCN has a typical abundance relative to water of 2-, and since there are no pho-
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10 # 10 tochemical processes capable of forming this amount of HCN from either NH 3 or N 2 , it is thought to be a parent species. Irvine et al. (1996) also observed hydrogen isocyanide (HNC) in Hyakutake, and they determined the HNC/HCN ratio to be 0.06. Biver et al. (1997) observed HNC in Hale-Bopp and found that the HNC/HCN ratio increased as the comet approached the Sun, from less than 0.02 at 2.9 AU up to ∼0.1 at 1.4 AU. Irvine et al. proposed four possible explanations for the origin of HNC: (1) HNC is also a parent species; (2) gasphase chemical processing converts HCN into HNC; (3) photoexcited HCN decays to give HNC; and (4) HNC is produced via photodissociation of large molecules/dust grains.
The similarity of the HNC and HCN line shapes and the requirement of an extremely high HCN photoexcitation rate suggest that possibilities 3 and 4 are not viable. In this Letter, we report the results of calculations designed to determine whether the observed abundance of HNC can be explained by coma chemistry or whether HNC must also be a parent molecule.
MODEL
We have developed a combined hydrodynamic and chemical model appropriate for a steady spherically symmetric outflow. A full description of the model will be given elsewhere (Rodgers & Charnley 1998); here we just summarize the main points. The model is a significant improvement over older 1 Also at the Astronomy Department, University of California, Berkeley. comet chemistry models (e.g., Mitchell, Prasad, & Huntress 1981) and, since the chemistry in the inner coma also affects the hydrodynamics, it is based on previous detailed multifluid studies (Körösmezey et al. 1987; Schmidt et al. 1988 ).
The coma is comprised of plasma and neutral components and is treated as three interacting fluids-neutrals, ions, and electrons-with temperatures T n , T i , and T e . The mass, momentum, and energy conservation equations yield coupled differential equations for the densities, temperatures, and velocities, which are numerically integrated outward from the nucleus to give the composition of the coma at any radius R. Source terms for each fluid are calculated for a number of physical processes including elastic scattering, inelastic collisions (Körösmezey et al. 1987) , and loss of fast nonthermal atomic and molecular hydrogen produced in photodissociation reactions (Huebner & Keady 1984) . The chemical source terms were computed using formulae similar to those of Draine (1986) .
The chemical reaction scheme includes 98 species linked by over 1200 reactions and is based on the interstellar hot core model of Charnley, Tielens, & Millar (1992) with photoreactions taken from Huebner, Keady, & Lyon (1992) and Schmidt et al. (1988) and some additional two-body reactions from the UMIST reaction rate database (Millar, Farquhar, & Willacy 1997) . We also consider reactions with activation energy barriers that can be driven by fast H (kinetic energy eV; ≈ 1. 75 Crifo 1991) and H 2 photofragments. In particular, the suprathermal process
can occur since the activation energies in the forward and reverse directions are 0.18 eV and 0.84 eV, respectively (Talbi, Ellinger, & Herbst 1996) . We assume that every fast hydrogen atom collision with an HCN or HNC produces the HCNH* transition complex, which then decays to give either HCN or HNC with a 50:50 branching ratio. The assumed branching may be incorrect, since the HCN ϩ H channel has a lower Note.-Based on observations of Hyakutake. a CO had both a nuclear and a distributed source (DiSanti et al. 1997) .
References.-(1) Mumma et al. 1996 ; (2) Weaver et al. 1997a; (3) Brooke et al. 1996 ; (4) Palmer et al. 1996 ; (5) Irvine et al. 1996; (6) Womack, Festou, & Stern 1996. energy, but since the energy required to reach each channel from HCNH* is about the same (30.6 and 29.0; Talbi et al. 1996) , it seems to be a reasonable approximation. Hence, as long as HCN is more abundant than HNC, the net effect of reaction (1) will be an increase in HNC. Since the fast H atoms are traveling at over 18 km s Ϫ1 and the typical collisional cross section for neutral-neutral reactions is ∼10 Ϫ15 cm Ϫ2 , we assume a rate coefficient for reaction (1) of cm 3 s Ϫ1 . The Table 1 . The initial expansion of the gas is almost adiabatic so the temperatures fall, but beyond ∼100 km the gas is heated as energetic photodissociation and ionization products are thermalized. In the inner coma, T n and T e are strongly coupled due to inelastic e-H 2 O collisions (Cravens & Körösmezey 1986 ). Exothermic proton transfer reactions heat the neutrals and ions, but because in the inner
coma and so the mean energy per particle given to the ion fluid is much greater. Figure 1 indicates that our model gives temperature and velocity profiles that are in good agreement with those obtained in other models (Körösmezey et al. 1987) , particularly in the inner coma where most of the chemistry occurs. Figure 2a shows how the number densities of some important species vary with R. Figure 2b plots Q ( )-the total 2 { 4pR nv number of molecules per second passing through a shell at radius R-which allows one to examine the chemistry more carefully, since dynamical effects on n are effectively removed.
Only a small fraction of parent species are destroyed within km, which is to be expected since the photodissocia- (with a HCN:HN 0:50 branching ratio) or by electron C ϭ 5 dissociative recombination. In our models, the amount of HNC produced by ion-molecule reactions is inhibited due to the fact that the proton affinity of methanol is greater than HCN but less than HNC (Hunter & Lias 1998) . Hence, CH 3 OH can ϩ 2 destroy HNC, but the proton transfer reactions between HCNH ϩ and CH 3 OH 2 that lead to HCN and HNC are exothermic and endothermic, respectively. In the inner coma, we do find that suprathermal processing can convert HCN into HNC via reaction (1).
We translated the number density profiles generated by the model into beam-averaged column densities, as observed by a cylindrical telescope beam centered on the nucleus. For a beam radius of 2000 km (Irvine et al. 1996) , our model predicts an HNC/HCN ratio of 0.02, which is one-third of the observed value. Since the assumed value for k 1 was merely an estimate and is on the high side for neutral-neutral processes, we conclude that the HNC in Hyakutake is either a parent species, and hence that the HNC/HCN ratio observed reflects the ratio in the nuclear ice, or that HNC is the daughter of an unknown molecule.
COMET HALE-BOPP
The HNC/HCN ratio in Hale-Bopp increased with decreasing heliocentric distance r h (Biver et al. 1997 ), and we have therefore modeled the chemistry for large comets ( and 25 R ϭ 20 0 km; Weaver et al. 1997b; Bieging et al. 1997 ) as a function of r h . Both CH 3 OH and NH 3 abundances in Hale-Bopp were ∼2% (Biver et al. 1998; Bird et al. 1997 ), the latter being over 5 times larger than that in Hyakutake. This higher NH 3 /CH 3 OH ratio and the much greater water production rates can influence the amount of HNC formed in the coma (see § 3), and so we modified our model parameters. We assumed that the nuclear ice contained these species in the proportions H 2 O:CH 3 OH: NH 3 :HCN ϭ 100:2:2:0.15 and adopted Q (r ) ϭ Q # 0 h 0 , which is in line with the OH and HCN Ϫ1.6 (1 AU) (r /1 AU) h observations of Biver et al. (1997) , with Q 0 (1 AU) equal to and 10 31 molecules s Ϫ1 . At each r h , the model pho-30 4 # 10 torates were scaled by a factor .
Ϫ2 r h Figure 3 shows the HNC/HCN ratio calculated in our model as a function of r h . It is clear that, because of the large size and activity of Hale-Bopp, our model explains the observed increase in the HNC/HCN ratio upon approach to perihelion as due to conversion in the coma, through re-HCN r HNC action (1). Figure 3 also shows that when reaction (1) is neglected and the effect of methanol on the coma chemistry is suppressed, the HNC/HCN ratio can actually rise since ionmolecule conversion can proceed; however, when methanol is included, the HNC/HCN ratio is even further below that observed. It can be seen that, as expected, more HNC is formed in more active comets and that the amount produced depends primarily upon the total gas production rate Q 0 .
We do tend to overproduce HNC by around factor of ≈1.5-2.2 at ∼3 AU. This may be due to the uncertainties inherent in our treatment of reaction (1) (see § 2) or an overestimate in the local number density of fast H atoms. Assuming that our adopted value for k 1 is an overestimate, lowering it to produce HNC/HC at 3 AU would correspondingly re-N ≈ 2% duce the observational agreement at 1 AU. Hence, we cannot unequivocally rule out an additional source of HNC in HaleBopp. We can probably rule out a common origin for HNC and HCN in the nucleus of Hale-Bopp since, if its production rate is controlled by Q 0 (as that of HCN appeared to be; Biver et al. 1997) , the HNC/HCN ratio would not vary with r h . The fact that this ratio increased with decreasing r h is therefore compelling evidence that HNC in Hale-Bopp is produced either via chemical reactions in the inner coma, as shown here, or as the daughter of an as yet unidentified parent molecule that does not contribute to the HCN distribution. Note that the above r h -dependence also places doubt on the source of HNC in Hyakutake as being sublimation from the nucleus.
CONCLUSIONS
We have shown that chemical reactions in cometary comae can convert HCN into HNC. We find that isomerization of HCN into HNC, driven by suprathermal hydrogen atoms, is the most important chemical formation route to HNC and that ion-molecule reactions, though potentially important, are effectively quenched when methanol is present at the ∼1% level and the methanol/ammonia ratio is less than or equal to unity.
For comet Hale-Bopp, our model predicts that as the peri-helion is approached, the HNC/HCN ratio should rise to a maximum of ≈18%, which is in good agreement with observations. We tend to overproduce HNC relative to observations at large heliocentric distances. This may be caused either by the uncertainty in our assumptions concerning the kinetics of reaction (1) or by our overestimating the fast particle densities at large r h , perhaps by underestimating the optical depth in the inner coma. If we have overestimated k 1 , then we cannot rule out another source of HNC, distinct from that of HCN, in this comet. Biver et al. (1997) have previously noted that HNC may be produced by extended sources in the coma, and Irvine et al. (1998) have suggested that CH 2 NH or CHON grains could be the source. In Hyakutake, we find that conversion in the HCN r HNC coma is inefficient because of the much lower gas production rates. There was only one HNC/HCN measurement in Hyakutake, and this suggests, given our conclusions for Hale-Bopp, that the HNC here is not nuclear but is also derived from a parent distinct from HCN.
The results presented here suggest that HNC is itself not a component of cometary ices. Although the cometary HNC/HCN ratio has only been measured in Hyakutake and Hale-Bopp, interstellar values are well determined, ranging from 1.5 in TMC-1 (Irvine & Schloerb 1984) to 0.2 in the Orion Ridge and 0.005-0.01 in the Orion hot core (Goldsmith et al. 1986; Schilke et al. 1992) where the molecular abundances are dominated by the evaporation of icy grain mantles. High HNC/HCN ratios (greater than 1) can be frozen into the grain mantles that are ultimately evaporated in hot cores (Brown, Charnley, & Millar 1988) , and gas-phase isomerization has been suggested as the explanation of the low ratios observed (Charnley, Tielens, & Millar 1992) . Such grain mantles may also have been incorporated into cometary nuclei during the formation of the solar system and so, based on our calculations, a comet exhibiting HNC/HCN 1 1 would be a strong candidate for having interstellar HNC in its nucleus.
As more observations of other comets become available, the measurement of these HNC/HCN ratios will allow us to identify in detail the differences between interstellar and cometary ices and to place constraints on coma chemistry models.
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